Water is essential for every life living on the planet. However, we are facing a more serious situation such as water pollution since the industrial revolution. Fortunately, many efforts have been done to alleviate/restore water quality in freshwaters. Numerous sensors have been developed to monitor the dynamic change of water quality for ecological, early warning, and protection reasons. In the present review, we briefly introduced the pollution status of two major pollutants, i.e., pesticides and heavy metals, in freshwaters worldwide. Then, we collected data on the sensors applied to detect the two categories of pollutants in freshwaters. Special focuses were given on the sensitivity of sensors indicated by the limit of detection (LOD), sensor types, and applied waterbodies. Our results showed that most of the sensors can be applied for stream and river water. The average LOD was 72:53 ± 12:69 ng/ml (n = 180) for all pesticides, which is significantly higher than that for heavy metals (65:36 ± 47:51 ng/ml, n = 117). However, the LODs of a considerable part of pesticides and heavy metal sensors were higher than the criterion maximum concentration for aquatic life or the maximum contaminant limit concentration for drinking water. For pesticide sensors, the average LODs did not differ among insecticides (63:83 ± 17:42 ng/ml, n = 87), herbicides (98:06 ± 23:39 ng/ml, n = 71), and fungicides (24:60 ± 14:41 ng/ml, n = 22). The LODs that differed among sensor types with biosensors had the highest sensitivity, while electrochemical optical and biooptical sensors showed the lowest sensitivity. The sensitivity of heavy metal sensors varied among heavy metals and sensor types. Most of the sensors were targeted on lead, cadmium, mercury, and copper using electrochemical methods. These results imply that future development of pesticides and heavy metal sensors should (1) enhance the sensitivity to meet the requirements for the protection of aquatic ecosystems and human health and (2) cover more diverse pesticides and heavy metals especially those toxic pollutants that are widely used and frequently been detected in freshwaters (e.g., glyphosate, fungicides, zinc, chromium, and arsenic).
Introduction
Seventy-one percent of our planet is covered by water which is a vital necessity to the organisms living on the earth. Even though freshwater only occupied less than 3% of all the water on earth, our daily life is more associated with freshwater than saltwater. However, many freshwater ecosystems have been polluted by anthropogenic activities including the three most dominating contributors: human settlements, industries, and agriculture [1] [2] [3] . For example, more than 100,000 chemicals (e.g., pesticides) are registered nowadays, and most of them are related to our daily life; these chemicals can inevitably enter freshwaters [4] . In addition, more than half of the total production of chemicals is harmful to the environment [5] . In Latin America, Africa, and Asia, 1/3, 1/7, and 1/10 of all the streams and rivers have already been affected by pathogen (e.g., fecal coliform bacteria), organic (e.g., biochemical oxygen demand (BOD)), and salinity (e.g., total dissolved solids (TDS)) pollution [6] . At a national scale survey, the water quality of~1/3 of US' streams and rivers was assessed by the Environmental Protection Agency (EPA), and the results revealed that 55% of the streams were categorized as impaired. Bacteria, sediment, and nutrients were identified as the three most significant causes for stream pollution in this survey [7] . Freshwaters in developing countries such as China are facing more serious pollution situation. It was estimated that~60% of China's groundwater was classified as poor or very poor, and the number is even higher (~80%) in 17 northern provinces [8] . The impaired water quality negatively affected aquatic organisms and generates major threats to waterbodies, with great consequences on aquatic ecosystems at levels ranging from individuals to watershed [9] [10] [11] [12] [13] . More importantly, human health is also at risk if clean drinking water cannot be accessed [4] . It was estimated that the freshwater resources for 82% of the world's population are under high levels of threats, and the situation is more serious in developing countries than in developed countries [14] . Consequently, more than 1/3 of the population in the world lacks safe drinking water [4] . Freshwaters (e.g., streams, rivers, lakes, and ponds) receive large quantity of various pollutants including pesticides [15] , heavy metals [16] , and nutrients [17] . It was estimated that 80% of municipal wastewater that flows into waterbodies is untreated, and millions of tonnes of heavy metals and other pollutants were dumped into waterbodies every year [18] . In China, human activities introduced 14:5 ± 3:1 mega tonnes of nitrogen to freshwaters each year which are 2.7 times of the predicted safety threshold [19] . Excess nutrients such as nitrogen and phosphorus in freshwaters usually lead to eutrophication, one of the most common reasons for water quality degradation [20, 21] . Many efforts have been done to improve the water quality of freshwaters via direct or indirect ways [22, 23] . Monitoring water quality in freshwaters is still the first priority for many ecological studies, water quality control, and restoration projects [24, 25] .
Monitoring water quality is especially important for the provision of clean drinking water and the protection of aquatic ecosystems [26, 27] . After the development of decades, numerous kinds of sensors, including chemical sensors, biosensors, and electronical sensors, have been developed to detect water quality [28, 29] . A sensor is a device that is capable of providing selective quantitative or semiquantitative analytical information via a biological/chemical/electronical recognition element; it usually is composed of a transducer and a processor [30] . Generally, the requirements of water quality sensors are confined to many factors such as the waterbodies to be monitored, water quality parameters to be tested, and the objects of the monitoring system [31] . The projection of future sensors targets on higher sensitivity, rapider detection, smaller size, inexpensiveness, disposability, ease of manipulation, durability for longer time, and suitability for multiple environments. For example, in a newly published review, Parra et al. [29] summarized several requirements of physical sensors for precision aquaculture: low maintenance, low cost, low battery consumption, nonmetal, robust, waterproof, withstand biofouling, and no effects on aquatic organisms. Previous review papers focus on either one type/category of sensors [32] or one analyte (or one group of analytes) [33] . This review paper will focus on the sensors applied to test two of the most common pollutants in freshwaters, i.e., pesticides and heavy metals. The general contamination status of these parameters in freshwaters and a simple analysis of sensors are also discussed. The sensitivity of sensors (limit of detection (LOD)) and sensor types are especially discussed. The present review paper differs from previous review papers in the following ways: (1) we unified the unit of LOD to make the comparison between studies possible and visualized; (2) only the data collected from freshwaters were used; and (3) not only the sensor types but also the detected analyte categories were discussed.
Materials and Methods

Database Compilation.
We build the database of pesticide sensors by searching Web of Science using the following topics: "sensor" and "pesticide or herbicide or fungicide or insecticide" and "freshwater or river or stream or lake or reservoir or pond". Most of the collected papers were published during the last five years which composed almost half of the publications (2015-2019). The data collected before 2015 were mainly based on previous review papers [34] [35] [36] . For each publication, we extracted the following information: tested analytes, sensor types (e.g., biosensors and electronical sensors), LODs, and the applicable waterbodies. For the optical sensors, we included fluorescent sensors, luminescent sensors, and colorimetric sensors. The tested analytes were grouped into three categories of pesticides (i.e., herbicides, insecticides, and fungicides). All the units of LODs were unified as ng/ml. The same method was used to build the database of heavy metal sensors by replacing "pesticide OR herbicide OR fungicide OR insecticide" with "heavy metal". For heavy metal sensors, we only collected data during the year 2017-2019 (updated until October) which composed~1/3 of all the publications. 3 5 Journal of Sensors 2.2. Data Analysis. One-way ANOVA (analysis of variation) was conducted to test the differences of LODs among the pesticide groups/heavy metals and among the sensor types. All data were checked for normality before conducting the ANOVA tests and were log-transformed to meet normality and homogeneity assumptions [37] . One case (1:84 × 10 −7 ) was deleted from the pesticide sensor dataset due to the outlier when conducting the ANOVA. If significant effects present in the ANOVA, then Tukey's multiple comparison was used for post hoc analysis of significant differences among sensor types or analyte groups [38] . All statistical analyses were carried out using SPSS 24.0.
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Results and Discussion
3.1. Pesticide Sensors 3.1.1. Pesticides in Freshwaters. Pesticides are usually classified into three major categories: herbicides, insecticides, and fungicides/bactericides. The application of pesticides is used to con-trol weeds, pest outbreaks, and fungal infestations for the security of global food supply [15, 39, 40] . The worldwide pesticide expenditures increased from $48.8 billion in 2008 to $55.9 billion in 2012 [41] . After application, these pesticides can enter freshwaters via numerous ways such as wastewater effluent and surface runoff [15] . In a national (US) monitoring network for pesticides in streams and rivers during 1992-2011, the concentrations of one or more pesticides exceeded the aquatic organism benchmark in 61%-69%, 45%, and 53%-90% of the streams in agricultural, mixed-land-use, and urban areas, respectively [42] . In Europe, atrazine (herbicide) is among the most frequently detected chemicals in groundwaters [5] . Due to their high frequency of being detected in freshwaters and the toxicity effects on aquatic organisms, pesticides are one of the most common monitored water quality parameters [43] [44] [45] . During the last few decades, many sensors have been developed to detect pesticides in freshwaters [46, 47] .
Most of the sensor data we collected can be applied in rivers and streams which correspond to the fact that most studies focused on these waterbodies and indicated the needs Journal of Sensors to monitoring pesticides in streams and rivers. The most frequently detected pesticides are paraquat, followed by atrazine and carbaryl (Table 1 ). This result is in accordance with the most common pesticide contamination in freshwaters [5] . However, only three studies detected glyphosate [48] [49] [50] , the most widely used herbicide worldwide [51, 52] . Therefore, more studies should target on the development of glyphosate sensors to get a clearer understanding of the glyphosate contamination in freshwaters. Although the production of herbicides is the highest worldwide [53] , more studies focus on insecticide sensors than herbicide sensors (Table 1) , probably because organophosphorus pesticides, the most frequently detected analytes, are highly toxic to organisms [54] . Therefore, priority was given to those with relatively high toxicity rather than those used in large quantity when monitoring water quality.
3.1.2. Sensitivity of Pesticide Sensors. The average LOD of pesticide sensors included in this review was 72:53 ± 12:69 ng/ml (n = 180, mean ± SE). Not all of sensors for the detection of pesticides in freshwaters were sensitive enough for ecological and monitoring requirements. The proposed maximum contaminant level, i.e., the maximum permissible level (MCL) of a contaminant in water that is delivered to any user of a public waterbody, for many pesticides (e.g., atrazine and aldicarb) is at the level of ng/ml or even less than 1 ng/ml [170] . For example, the criterion maximum concentrations (CMC) of carbaryl, chlorpyrifos, diazinon, and parathion for aquatic life in freshwaters of the United States are 2.1, 0.083, 0.17, and 0.065 ng/ml, respectively (Table 2) . Moreover, more than 5% of the MCLs for the top 29 commonly regulated pesticides in drinking water exceed the computed upper thresholds for human health risk uncertainty [171] , which means that the MCLs for pesticides in drinking water should be stricter and higher sensitive sensors are needed. However, our results indicated that the LODs for 32.8% of the sensors are higher than 10 ng/ml, and <50% of the sensors can reach the level of 3 ng/ml. Therefore, many sensors may not be sensitive enough for the detection of pesticides in freshwaters regarding the requirements for the protection of aquatic life and human health. In addition, there are more than 1,000 pesticides used worldwide to ensure food security. Nevertheless, this review paper only included 97 kinds of pesticides/active ingredients which cover less than 10% of all pesticides. Therefore, future studies should focus on the largely ignored pesticides because many pesticides have toxic effects on aquatic organisms [172] and human health [173, 174] . For example, many sensors were developed to analyze organophosphorus pesticides (e.g., chlorpyrifos and carbaryl) while fewer sensors were targeted on organochlorine pesticides such as dichlorodiphenyltrichloroethane (DDT). DDT was widely used for the control of pest and fungus in the last century. Even though DDT has been banned for decades in many countries, it can still be found in 8-100% of the sampled small streams in three South American countries [175] . Therefore, DDT is still a global concern due to the toxicity, not easy to be degraded, and the tendency to be accumulated in organisms [176] . The LOD of one biooptical sensor used for the detection of DDT in river water can be as low as 0.015 ng/ml [177] . LODs in this study showed thousands of orders for different analytes and sensors. Among all the sensors been checked, the most sensitive sensor was developed by Kumar et al. [131] , in which the indirect detection of malathion through an enzyme-based fluorometric method was applied. This system can achieve an ultrasensitive LOD which is as low as 1:84 × 10 −7 ng/ml and can be spiked for lake water and agricultural runoff water [131] . By contrast, some sensors are relatively "insensitive" with the LODs at the level of 100 ng/ml [50, 122, 141] . Although, the average LOD for herbicide sensors is higher than that of insecticides and fungicides, there is no significant difference among the three categories of pesticides (F 2,176 = 2:717, P = 0:069, Figure 1 ). The sensitivity of sensors collected in this paper is similar to that of previous review papers [34, 178] . Only 22 cases (12.22%) were related to fungicide sensors. This extremely low percentage indicated the urgency to improve the monitoring of fungicides in freshwaters, because fungicides are widely occurring in freshwaters and are highly toxic to numerous aquatic organisms [15, 179] . For the sensor types, we found a similar pattern (Table 1) as some previous review papers that electrochemical [180] , optical [33, 35] , and biological [181] sensors are among the most widely used sensors for the detection of pesticides in freshwaters. Regarding the sensitivity of different types of sensors, biosensors showed the highest sensitivity compared with other sensors, while the biooptical and electrochemical optical sensors indicated the lowest sensitivity (F 9,169 = 7:239, P < 0:001, Figure 2 ). Biosensors have been widely used in the environmental monitoring [5] , given the advantages of biosensors in detecting pesticides and other pollutants over conventional methods: high stability (e.g., they can operate at high temperature), inexpensiveness, possibility for real-time monitoring, high selectivity, and disposability, just to name some of them [181] [182] [183] . Biosensors could be a promising direction for pesticide detection in freshwaters. For example, diatoms, which were popular for the assessment of water quality [184] , may be a suitable tool for biosensors.
Heavy Metal Sensors
Heavy Metals in Freshwaters.
Heavy metals refer to metallic elements that have a high atomic weight and with a 8 180 190 Lake water [227] Pb 2+ Electrochemical 0.5 River water [228] 9 Journal of Sensors Lake water [255] 10 Journal of Sensors density of at least five times greater than that of water [185] . Aquatic ecosystems can be polluted by heavy metals through multiple ways such as mining, weathering of soils and rocks, industrial wastewater, and surface runoff [186] [187] [188] . Natural concentrations of Pb and Cd are less than 0.003 ng/ml in streams [189] . However, heavy metal concentrations may be two or three orders of the natural concentrations or even higher in polluted waterbodies [190, 191] . The most common heavy metal pollutants found in aquatic ecosystems are As, Cd, Cr, Cu, Ni, Pb, Hg, and Zn [192] . For instance, Cu, Fe, Values are the mean ± SE. Different uppercase letters above each bar indicate significant differences after one-way ANOVA and post hoc Tukey (parameters with the same letter are not significantly different between heavy metal sensors). Only one sensor was included in this review for the detection of Al, Mn, and Fe. Therefore, these three heavy metal sensors were excluded from the ANOVA. The data of Cr 3+ and Cr 6+ were combined for the ANOVA.
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Zn, Mn, and Cr were the top five heavy metals of concern in freshwaters in Bohai Region, China, while Hg showed the lowest risk [193] . The concentrations of many heavy metals in the river Ganga water and sediment exceeded the acceptable concentrations and threatened human health and aquatic organisms [194] . Three countries, i.e., the United States, Germany, and Russia, consume 3/4 of the world's most widely used metals. Human health and aquatic ecosystems can be threatened by heavy metals especially by Pb, Cd, Hg, and As [195, 196] . For example, groundwaters contaminated by As threatened millions of people's drinking water safety in developing countries such as India, Cambodia, and Vietnam [4] . Aquatic organisms still suffer from the toxic effects of heavy metals even though upstream mining activities ceased for decades [197] . Due to the high toxicity and them commonly found in freshwaters [198, 199] , heavy metals are among the most important indices when monitoring water quality [45, 200] .
Sensitivity of Heavy Metal Sensors.
Altogether, 61 publications were selected during the years 2017-2019 (the data were updated until October 2019), with nine types of sensors used for the detection of 13 heavy metals in freshwaters ( Table 3 ). The average LOD for all sensors is 65:36 ± 47:51 ng/ml (n = 117, mean ± SE). The sensitivity of sensors differed among the detected heavy metals (F 9,104 = 2:289, P = 0:022, Figure 3 ). Sensors targeted on Ag had the highest sensitivity while the sensors used to detect Fe and Cr showed the lowest sensitivity. The sensitivity of many sensors can satisfy the requirements for drinking water and wild life protection. The LODs of some sensors were still higher than CMCs or MCLs. Especially for mercury sensors, 30% of the collected sensors failed to satisfy the CMC or MCL requirements. It reminds us that higher sensitivity sensors should be developed to protect human health and aquatic organisms. In addition, the CMC/MCL may be changed due to the national regulation [201, 202] which means that the higher sensitivity sensors may be needed to detect lower concentrations of heavy metals. As mentioned above, As, Cr, Ni, and Zn are among the highest concentrations of heavy metals in freshwaters [192] . However, limited sensors were developed to detect these heavy metals. Therefore, more diverse sensors should be developed to analyze these heavy metals.
Regarding the sensor types, more than half of the heavy metal sensors were based on electrochemical methods, while few studies applied biological ways ( Table 3 ). The sensitivity of sensors for heavy metal detection varied among sensor types (F 8,108 = 12:5, P < 0:001, Figure 4 ). Bioelectrochemical sensors had the highest sensitivity, while bioelectronical sensors showed the lowest sensitivity. The most sensitive sensor was a bioelectrochemical sensor which was developed by Zhang et al. [251] for the detection of silver in tap and lake water, and the LOD was as low as 5:0 × 10 −8 ng/ml. On the contrary, a pigment-based whole-cell biosensor developed for the analysis of copper in pond and tap water showed the highest LOD (5547.6 ng/ml) [262] . The average LOD of heavy metals based on electrochemical methods was 12:187 ± 5:446 ng/ml (n = 65, mean ± SE). The LOD of 
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Journal of Sensors electrochemical sensors in this review is higher than the LODs of electrochemical sensors in previous review papers [210, 263, 264] . This probably is because the LODs of four electrochemical sensors were higher than 50 ng/ml which increased the average LOD. Electrochemical sensors have the advantages such as easy to manipulate, cheap, suitable for field monitoring, and portable which make it suitable for heavy metal detection [263] . However, the optical sensors in this review did not show higher sensitivity than electrochemical sensors as mentioned in a previous study [263] . This is caused by two studies which used colorimetric and luminescent detection; the LODs in these two studies are 30-300 ng/ml [209, 255] .
Conclusion
This review presents the general information on sensors for the detection of pesticides and heavy metals in freshwaters. The studied sensors covered less than 10% of all registered pesticides/ingredients. Most of the selected pesticide sensors were used to analyze insecticides and herbicides while limited studies were focused on fungicides. The LODs of~30% of the pesticide sensors failed to meet the maximum permissible concentrations for aquatic life and drinking water. Biosensors showed the highest sensitivity and appeared to be a promising technology in future development for the detection of pesticides in freshwaters. The average LOD of sensors for the detection of heavy metals is 65.36 ng/ml during the last three years. The LODs of a small fraction of sensors such as mercury sensors were higher than the upper threshold concentrations for the protection of wild life and drinking water safety. Most of the heavy metal sensors were designed to detect mercury, cadmium, lead, and copper based on electrochemical methods. These results imply us that higher sensitivity sensors should be developed in the future. In addition, future sensors should cover more pesticides and heavy metals (e.g., glyphosate and zinc) which are commonly detected in waterbodies and are highly toxic to aquatic organisms and human health.
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